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Simons).In this review we describe the history of the development of the raft concept for membrane sub-
compartmentalization. From its early beginnings as a mechanism for apical sorting in epithelial
cells the concept has evolved to a general principle for membrane organisation. After a shaky start
with crude methodology based on detergent extraction the ﬁeld has become increasingly sophisti-
cated, employing a host of different methods that support the existence of dynamic raft domains in
membranes. These are composed of ﬂuctuating nanoscale assemblies of sphingolipid, cholesterol
and proteins that can be stabilized to coalesce, forming platforms that function in membrane sig-
nalling and trafﬁcking.
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In 19th century Agnes Pockels observed that fat/oil washed
from dishes by detergents formed a layer on water surfaces. She in-
vented the ﬁrst apparatus to measure surface pressure of contam-
inated water [1], which was developed further by Irving Langmuir
into the so-called Langmuir trough [2]. Langmuir proposed that
membranes are formed by fatty acids, which sort themselves as a
monolayer at the water/air interface by orienting their polar head
groups towards, and their acyl groups away from, the water sur-
face. Only 8 years later, Gorter and Grendel [3] calculated that lip-
ids of red blood cells are capable of forming bilayers in aqueous
solutions, and this basic organizing principle of lipid self-aggrega-
tion remains valid for all cell membranes. However, the integration
of proteins in the bilayer remained enigmatic. The membrane
model of Dawson–Danielli–Robertson postulated that the mem-
brane proteins were restricted to either side of the membrane with
none penetrating into the bilayer [4,5]. Mark Bretscher was the
ﬁrst to demonstrate (by formylmethionyl sulphone methyl phos-
phate (FMMP), a membrane impermeable compound) that eryth-
rocyte membrane proteins span the bilayer [6]. He labeled a
major protein component of red blood cells from one or both side
of the membrane showing that parts of the protein resides on both
side of the membrane, and clearly demonstrating that the protein
was spanning the membrane with a ﬁxed orientation [7]. FMMPchemical Societies. Published by E
n), simons@mpi-cbg.de (K.was later used together with the chemical crosslinker dimethyls-
uberimidate to show that the spike glycoproteins of Semliki Forest
virus extend through the viral membrane [8]. In 1972, Singer and
Nicolson [9] published their classical view of membrane structure.
In their model, mainly monomeric and amphiphilic membrane
proteins diffuse in a two-dimensional ﬂuid lipid bilayer, in line
with the discovery that proteins mix in the plane of the plasma-
membrane after two cells have been fused with each other [10]. In-
deed, Henderson and Unwin later showed by 2D-crystallography
that the purple membrane protein bacteriorhodopsin has seven
transmembrane helices that span the membrane [11] and that
these transmembrane helices were of hydrophobic nature [12].
The ﬁrst three dimensional atomic structure of the photosynthetic
reaction center of a membrane protein [13] and the advances in re-
combinant DNA technology directed most of the efforts in mem-
brane research towards proteins. While the scientiﬁc community
focused on the proteins, the lipid bilayer turned into its stepchild.
Although lateral membrane heterogeneity and the capacity of lip-
ids to form membrane domains were described early [14–16], the
lipid bilayer itself was simply considered as a component of a sec-
ondary importance on protein bioactivity, regulation or cell biolog-
ical processes. What was lacking was the functional signiﬁcance for
the lipid organization. In our early work on epithelial cells, which
polarize their cell surface into apical and basolateral plasma mem-
brane domains, lipids were included in the analysis. The two epi-
thelial surface domains not only have distinct protein
composition but also different lipids apically and basolaterally. In
the 1970s, Pascher and Karlsson emphasized the differences in
structure and behaviour between glycosphingolipids and glyceroli-
pids, the former having the capacity for hydrogen bonding at thelsevier B.V. All rights reserved.
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latter could only be a hydrogen bond donor. The ﬁrst clues to gly-
colipid sorting at the Golgi complex came from studies using NBD–
ceramide, which was metabolized into NBD–glucosylceramide in
the Golgi and then delivered apically and basolaterally. We could
demonstrate that the ﬂuorescently labeled glycolipid displayed a
higher apical delivery from the Golgi as compared to the basolat-
eral direction [17].
On the basis of these data, we postulated in 1988 that sphingo-
lipids and apical proteins are linked to each other in the trans-Golgi
network to form transport carriers for delivery to the apical mem-
brane, forming the biochemical basis for the raft concept [18]. La-
ter, novel insights from biophysical studies on model membranes
and biochemical studies on sphingolipid–cholesterol–protein
assemblies led the way to further advances, resulting in the lipid
raft concept [19] wherein physicochemical membrane properties
were linked to biological functions. The raft hypothesis proposed
a new dimension of membrane organization, that is lateral hetero-
geneity driven by preferential association of sterols, glyco-
sphingolipids, and a subset of membrane proteins that was
thought to function in a number of cellular processes, particularly
in the context of cell signalling and membrane trafﬁc [20].
2. Detergent resistance of membranes and rafts
The ﬁrst biochemical advance of lateral heterogeneity in cell
membranes came from detergent solubilisation studies. The differ-
ential resistance of membrane proteins towards detergents has
been known long before the raft hypothesis was formulated. In
1973, Yu and colleagues had shown the selective solubilisation of
proteins and phospholipids by Triton X-100 treatment of human
erythrocyte membrane ghosts at low ionic strengths and tempera-
tures [21]. The remaining insoluble fraction appeared by electron
microscopy to be a ﬁlamentous reticulum with adherent lipoid
sheets and vesicles that they called detergent-insoluble ghosts.
Quantiﬁcation revealed that the majority of lysolecithin, phospha-
tidic acid, phosphatidylcholine, phosphatidyl–ethanolamine and
phosphatidylserine were recovered in the supernatant, while 83%
of the recovered sphingomyelin was in the insoluble membrane
fraction, as well as the vast majority of glycosphingolipids. More-
over, at 37 C the detergent tended to disperse the membranes
completely. Sucrose density centrifugation showed a dense and a
light zone, corresponding to the soluble and insoluble membrane
fractions. After having been forgotten for years, detergent resis-
tance turned out to be a helpful tool inmembrane research. The ﬁrst
important application came from Brown and Rosewho showed that
newly synthesized glycophosphatidylinositol (GPI) anchored pro-
teins are sorted into a detergent resistant, sphingolipid-enriched
membrane fraction while passing through the Golgi apparatus on
their way to the apical surface [22]. Interestingly, the basolateral
marker protein remained soluble, biochemically demonstrating a
potential association of apical membrane proteins with glyco-
sphingolipids. Similar to erythrocytes, the soluble membrane frac-
tion contained most of the phospholipids, while the detergent
resistant membranes (DRM) contained the bulk of the sphingoli-
pids. Together, these observations formed the ﬁrst biochemical sup-
port of our proposed model of glycolipid sorting from the TGN to
the apical membrane. Additional support came from Hanada and
colleagues, who showed that the detergent resistance of the GPI an-
chored PLAP is decreased when cholesterol and/or sphingomyelin
are deprived from cells by genetic manipulations, while insolubility
could be restored by metabolic complementation [23].
The second ﬁnding came from our lab and demonstrated that
the proteins found in DRMs from MDCK contained a subset that
we had observed by 2-D gel electrophoresis of immuno-isolatedapical and basolateral carrier vesicles. Thus this subset could rep-
resent apical sorting machinery. One of these proteins was of
21 kDa size, localized to the Golgi-apparatus, the plasma mem-
brane and vesicular structures, making it a candidate for vesicular
transport machinery, cycling between the plasma membrane and
the Golgi. Therefore the protein was termed vesicular integral pro-
tein VIP21 [24]. Unexpectedly, VIP21 was very abundant in the
non-clathrin-coated plasma membrane invaginations called caveo-
lae [25], uncoated plasma membrane pits into which the GPI an-
chored folate receptor had been reported to partition in a
cholesterol-dependent manner [26,27]. The DNA sequence encod-
ing for caveolin then cleared the mystery when it was found that
canine VIP21 shared 86% sequence identity to chicken caveolin
[28], which was later found to be a cholesterol binding protein
[29]. These and other ﬁndings led to an upsurge of studies in which
detergent-insolubility was used as a criterion to deﬁne protein
localization to caveolae [30,31] through their afﬁnity for mem-
brane domains/rafts. However, it had been shown previously that
detergent insoluble membranes with GPI anchored proteins as
constituents can also be isolated from cells lacking caveolae
[32,33] and that potentially raft-associating GPI-anchored proteins
can be separated from caveolin, suggesting that these proteins may
exist side by side or together in the plasma membrane to organize
signalling molecules and process surface-bound ligands differen-
tially [34]. Concurrently, pitfalls in the biochemical interpretation
of differential detergent extraction began to be discussed. Kurzcha-
lia et al. stated in 1995 that detergent insolubility cannot be related
for microdomain association per se, also pointing out that DRMs
give no clue as to where DRM constituents are localized in the cell
[35]. Despite such disclaimers, DRM association continued to be
misconstrued, and although no longer being equated to caveolae,
DRMs became synonymous with lipid rafts. We have suggested
that DRMs are most useful in assigning potential raft association
when changes in the composition are induced by physically/bio-
chemically meaningful events (e.g. ligand binding, receptor oligo-
merizaion, mutagenesis of protein structure) [36]. However, the
self-evident fact that detergent resistant membranes represent
the artifactual coalescence of insoluble raft proteins and lipids into
a residue that does not exist in living cells [36–39] remained over-
looked in the overzealous aim of assigning raft-association and
functionality to a wide variety of membrane proteins.
3. Cholesterol removal by cyclodextrin
In cell culture studies, 2-hydroxypropyl-cyclodextrin was de-
scribed to be a helpful agent for preparation and delivery of stable
aqueous solutions of various forms of sterols and bile acids [40].
Fahrenholz et al. introduced ß-cyclodextrin to deplete or deliver
cholesterol to the myometrial plasma membrane in order to mod-
ulate the oxytocin receptor, with the removal of cholesterol from
the membrane leading to conversion of the receptor from a high
to a low afﬁnity state, and vice-versa [41]. We used cholesterol
depletion by cyclodextrin to demonstrate the direct involvement
of cholesterol in the DRM association of the apical marker protein
hemagglutinin (HA) [42], while also showing that TGN-to-surface
transport of the apical marker could be impaired by decreasing cho-
lesterol levels without perturbing the transport of the basolateral
marker vesicular stomatitis virus glycoprotein (VSVG) [43]. Sensi-
tivity to cholesterol depletion became a routine method in the cell
biological community to assign raft involvement to cellular pro-
cesses, often used side-by-side with detergent resistant mem-
branes. However similar to the case of DRMs, several possible
pitfalls resulting from acute cholesterol depletion had to be consid-
ered. Pike and Miller noted that depletion of cellular cholesterol
leads to the inhibition of epidermal growth factor- and bradykinin
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compartmentalization of PI(4, 5)P2 [44], one of the key cofactors
in signalling to the actin cytoskeleton and in vesicle trafﬁcking
[45]. Additionally, it was found that cholesterol depletion of mem-
branes bymethyl-ß-cyclodextrin (MBCD) results in tight packing of
sphingolipids hydrocarbon chains to form a rigid gel-like phase
[46].
It was becoming clear that the tools used to study the properties
of membrane domains and protein partitioning were inherently
pleiotropic. Nevertheless, detergent insolubility of speciﬁc compo-
nents and cholesterol dependence of speciﬁc cellular processes
suggested functional lateral heterogeneities of membrane proteins,
dependent on sphingolipids and cholesterol. The next challenge
was to visualize and analyze how raft and non-raft domains are or-
ganized in the plasma membrane.
4. Membrane clustering by toxins and antibodies I: rafts are
dynamic
Locomotory animal cells, except sperms, show a patchy distri-
bution at the plasma membrane upon clustering with polyvalent
agents such as antibodies, which move to one end of the cell to
form a ‘‘cap” [47,48] best studied in lymphocytes. The same cap-
ping principle was observed when the ganglioside GM1 was clus-
tered by antibodies [49,50]. These redistribution events were
dynamic and depended on the extent of cross-linking by toxins
and antibodies. This was also shown to be true for receptors. To ob-
serve the native distribution of the folate receptor Mayor et al. la-
beled a monoclonal antibody with the ﬂuorophore Cy3 [51]. At
37 C the ﬂuorescence was diffusely distributed over the cell sur-
face, whereas the addition of a polyclonal unlabeled secondary
antibody drove receptor redistribution to caveolae, suggesting that
multimerization/cross-linking of the GPI-anchored protein regu-
lates its sequestration into caveolae. The same sequestering effect
upon clustering was then reported for glycosphingolipids and
sphingomyelin [52].
Similarly, we showed that simultaneous cross-linking of raft
markers (GM1, GPI-anchored PLAP, and HA) led to their co-locali-
zation into distinct patches, segregating away from the transferrin
receptor as a non-raft marker [53]. Furthermore cyclodextrin
extraction of cellular cholesterol inhibited the segregation, high-
lighting the role of cholesterol in raft coalescence [42]. Using a cell
system lacking caveolae, it was demonstrated that raft and non-
raft markers segregated in the same cholesterol-dependent way
in the absence of caveolae [53]. These results deﬁnitively demon-
strated that clustered raft markers segregate away from non-raft
proteins in a cholesterol dependent, but caveolae independent,
manner.
5. Membrane clustering by toxins and antibodies II: role in
signalling
Capping after cross-linking describes the redistribution of lym-
phocyte membrane constituents not only into a patchy pattern, but
more importantly into a signalling hotspot with an important bio-
logical function: the formation of the immunological synapse.
Upon antigen presentation by a neighboring cell, T cells show se-
lected non-random large-scale molecular rearrangement of their
plasma membrane, which results in the formation of an immuno-
logical synapse [54], forming a supramolecular activation cluster
[55]. The formation of the immunological synapse is the prime
example of functional membrane segregation in vivo suggesting a
potential involvement of the raft concept of membrane subcom-
partmentalization. Evidence for this involvement was the ﬁnding
that cross-linking of a GPI anchored protein stimulated T cellactivation [56] The corresponding immunoprecipitation showed
that the clustering effect involved the palmitoylated protein tyro-
sine kinase (PTK) Lck. Moreover, this stimulating effect of raft
cross-linking on T cell activation was cholesterol dependent [57].
Interestingly, in cells that are defective for GPI anchor synthesis
the activation of T cells through the T cell receptor (TCR) was re-
ported to be impaired [58]. The molecular basis for selective coa-
lescence behavior during immunological synapse formation was
recently investigated by lipidomics. These signalling foci were im-
muno-isolated and a comprehensive mass spectrometric analysis
revealed speciﬁc enrichment of membrane order-potentiating
sphingolipids, saturated/longchain glycerophospholipids and cho-
lesterol that is concordance with the involvement of raft coales-
cence as means for lateral sorting of membrane proteins into
signalling domains [59].
Also the transmembrane IgE receptor FceRI could be activated
by antibodies or by polyvalent ligand, and also in this case, the
surface clustering of FceRI recruited a palmitoylated PTK, Lyn
[60,61]. In contrast to the transmembrane FceRI, it was unclear
how a GPI anchored protein that is linked to the membrane only
by the lipid moiety can communicate with intracellular tyrosine
kinases. Our co-patching experiments of GPI- anchored Thy-1
showed that the PTK Fyn co-localized cytosolic leaﬂet with the
clustered raft markers, segregating away from the non-raft trans-
ferrin receptor clusters [53]. We later reported a strong accumu-
lation of actin to clusters of GPI-anchored CD59 and GM1
depending on the recruitment of PTKs [62], in accord with the
ﬁnding that the clustering of GM1 accompanied signalling via
the T cell receptor [63].
Taken together, these results suggested that selective commu-
nication across the bilayer is possible by microdomain association.
Additional support for this hypothesis came from Viola et al.,
showing that the co-stimulatory effect of the co-receptor CD28 in
T cells facilitates the activation of the naïve T lymphocytes based
on raft association [64]. The homogenous distribution of GM1 in
unstimulated resting T cells was switched after stimulation of T
cells by anti-CD28-coated beads. The stimulation led to the redis-
tribution of GM1 to a cap, contacting the stimulating bead, and a
concomitant increase in life-time of early tyrosine phosphorylation
events. Importantly, clustering of molecules that are thought not to
be raft associated did not result in the lateral reorganization of lip-
idated cytosolic effector proteins [65]. Overall, these ﬁndings
strongly supported the view that raft clusters can function as cen-
ters of signal transduction [62].
6. The cellular membrane and its complexity
The redistribution/coalescence of raft lipids and proteins upon
cross-linking and their subsequent engagement in signalling
brought to the forefront the question of the size of unperturbed
raft domains. Because raft lipids and proteins appeared micro-
scopically homogeneously dispersed in the plasma membrane be-
fore cross-linking, the native size was obviously smaller than the
resolution of light microscopy. We tried to meet this technical
challenge by a new technique called photonic force microscopy.
Employing a laser trap to measure the local viscous drag of single
membrane proteins [66] yielded a mean radius of 26 ± 13 nm for
raft assemblies, which seemed stable for minutes. However, the
antibodies immobilized on the beads required for the technique
likely biased both the size and particularly the lifetime, of the ob-
served domains. The size of rafts as well as their lifetime has con-
tinued to be investigated, and particularly the life-time value has
remained controversial, while the size seems to vary depending
on the method employed to measure them [67]. However, all
ﬁndings seemed to point to the same result: rafts are small and
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lular stimuli and could be clustered to larger domains with con-
sequences for cell signalling [20,68].
Important advances came from an outpouring of data from
biophysicists, exploring model membranes to get insight into li-
pid behaviour in bilayers. This area has been reviewed elsewhere
[69,70] and will not be further pursued here, except to emphasize
the fundamental disconnect between simple mixtures of puriﬁed
lipids and the tremendous protein and lipid complexity of biolog-
ical membranes, which can host up to 9600 species of glycero-
phospholipids, thousands of mono/di/triacyl glycerol variants, in
addition to numerous fatty acids and sterol-based structures
[71]. Considering that this lipid diversity is augmented by the
density of protein in the plasma membranes in animal cells
[72], it becomes clear that proteins must contribute to the behav-
iour and heterogeneity of cellular membranes. Assuming that the
protein entities have varying transmembrane domain size and
dimensions, with some consisting of large ecto- and cytosolic do-
mains, one can conclude that the massive amount of protein will
cover most of the lipid surface and produce steric restrictions
[73,74], not to mention the additional contribution by ectodo-
main glycosylation. Furthermore, membrane proteins are rather
oligomeric than monomeric [73], adding another level of com-
plexity to membrane–protein interactions. The interplay of the
different protein properties would be expected to create mem-
brane regions of varying thickness and composition, since lipids
will be forced to rearrange to match the rather rigid protein
[73,75,76]. Considering all this, it is tempting to intuitively con-
clude that the lipid bilayer might indeed be a passive solvent
for protein as it had been surmised. However, two issues are
rarely considered. First, the amount of various lipids and proteins
in the biological membrane makes it unlikely that all interaction
energies of the different molecular species are within thermal
energies. Therefore, the protein and lipid distribution cannot be
laterally random [73]. Additionally, not only speciﬁc lipid–lipid
interactions, but also lipid–protein interactions, bring in an addi-
tional level of speciﬁcity and heterogeneity. Second, the massive
amount of membrane proteins does not necessarily reﬂect their
effective transmembrane occupancy within the bilayer. Protease
‘‘shaving” of red blood cell membrane resulted in a protein occu-
pancy of the bilayer of at least 23% [72]. This value is strikingly
similar to the transmembrane occupancy of densely packed sys-
tems; in synaptic vesicles the total protein:lipid ratio of 1.94
(w/w) results in a effective transmembrane domains occupancy
of 20% [77]. Similarly, the Semliki Forest virus (SFV) was esti-
mated to have a transmembrane protein occupancy of about
20% [78]. It is also possible to estimate the transmembrane pro-
tein occupancy of the virus bilayer by observing the cross-section
through 9 Å 3D structure [79] of the Sindbis virus, which belongs
as SFV to the alphaviruses. From the cross-sectional projection, it
is obvious that the transmembrane domains are occupying a
minority of the space within the bilayer (Fig. 1), and our calcula-
tions resulted in an average value of 25%. Higher protein con-
tents within the bilayer are tolerable. For example, the
Halobacterium halobium tolerates 75% bacteriorhodopsin in its
plasma membrane [80], however it must be noted that this pro-
tein is concentrated to a semicrystalline lattice in the bilayer.
Clearly proteins contribute to a signiﬁcant fraction of membrane
heterogeneity. It would seem that a reduction in lateral mem-
brane dimensionality through the formation of functional com-
plexes is a theme that has been favoured during evolution.
Consequently it is likely that cells unite protein- and lipid-species
into self-assembling complexes to effect this organization. As
such, we do not deﬁne membrane heterogeneity as either lipid
or protein, but rather as a co-operation between both.7. The need for novel tools and methodology
In 2007, Ken Jacobson, Ole Mouritsen and Richard Anderson
published a review entitled ‘‘Lipid rafts: at a crossroad between cell
biology and physics” [67]. They stated that ‘‘. . .the lipid raft ﬁeld is
now at a technical impasse since the physical tools to study biological
membranes as a liquid in space and time are still being developed. . .”
and that ‘‘. . .further application of existing tools and the development
of new tools are needed to understand the dynamic heterogeneity of
biological membranes. . .”. Indeed, membrane research has ad-
vanced through a number of new high-resolution imagingmethods
and quantitative mass spectrometry, paving the way for quantita-
tive evaluation of preferential lipid–lipid and lipid–protein associ-
ations in the cell bilayer [59,81–85]. The exciting recent
achievements as well as the current view on rafts are extensively
described in another recent review [86], and will not be covered
in detail here, except to note that most results point to a unifying
principle: in uncrosslinked conditions, rafts are small and highly
dynamic in terms of size and stability. The size and lifetime distri-
butions are clearly cholesterol dependent, while the involvement
of the membrane-underlying actin cytoskeleton is being actively
investigated [81,83,87,88].
8. Biologically-complex membrane model systems
In parallel to recent technical developments that have allowed
observation of membrane properties at submicroscopic levels,
new plasma membrane model systems have been established that
allow studies of raft clustering events and membrane phase sepa-
ration in biologically complex membranes. The systems bypass
metabolic constraints, such as endo- and exocytotic turnover of
the plasmamembrane, as well as cellular constraints such as mem-
brane-cytoskeleton interaction. Baumgart et al. demonstrated that
chemically induced giant plasma membrane vesicles (GPMVs)
have a temperature-dependent capacity to separate into phases
analogous to the Lo (liquid-ordered) and Ld (liquid-disordered)
states seen in model systems [89]. It is important to note that
the temperature dependence of this process highlights collective
behaviour of the lipids as underlying the phase separation phe-
nomenon. However, both in model membrane systems such as
GUV’s with controlled lipid composition, as well as in the GPMV
system, transmembrane raft proteins are typically excluded from
the ordered and more packed membrane phase [90–93]. GPMV
blebbing is induced by a combination of paraformaldehyde (PFA)
and dithiothreitol (DTT) treatment of cells for 8–12 h, both being
a pivotal issue. Protein cross-linking due to the PFA treatment will
certainly induce constraints in membrane and protein mobility.
Additionally, treatment with DTT leads to the removal of palmitoyl
modiﬁcations on proteins [94] and an altered partitioning behav-
iour of raft marker proteins into membrane domains [95].
Recently we introduced a new plasma membrane system, in
which reactive chemicals such as PFA or DTT were avoided. Plasma
membrane spheres (PMS) were produced by swelling of cells in
phosphate buffered saline [96]. Common to the Baumgart method,
cytoskeletal constraints as well as exocytic/endocytic turnover are
removed. The surprising feature of the PMS system is that the incu-
bation with the pentavalent cholera toxin induces cholesterol-
dependent large-scale phase separation at physiological 37 C. This
ﬁnding is in accord with another report where osmotic swelling of
cells was reported to form large membrane domains [97]. Measur-
ing the membrane order by the order-sensing dye C-laurdan has
shown that the Lo phase in phase separated GUV’s and GPMV’s is
more ordered than in the GM1 ‘‘phases” in the PMS [98].
This suggests that raft coalescence employs chemical speciﬁcity
in addition to membrane order, likely selective protein interaction,
Fig. 1. The transmembrane-domain occupancy of Sindbis virus spike proteins within the virus bilayer. (A) Surface representation of the Sindbis virus (EMDB Entry EMD-
1121) with cross-sections S1 (B) and S2 (C) through the 9 Å [79] map. Images were produced using the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco [124].
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elty of the PMS system is that in contrast to GUVs and GPMVs,
transmembrane raft proteins are enriched and non-raft proteins
are excluded from the GM1 phase after cholera toxin clustering
[96]. The PMS system highlights that the plasma membrane has
an inherent capability to separate microscopic raft domains at
physiological temperatures when cellular constraints are released
without chemical perturbation. This demonstrates the existence
of selective connectivity between certain components of the plas-
ma membrane; the challenge is to now ascertain how these princi-
ples operate in the living cell. We believe that these new systems
open the possibility to follow biological membrane heterogeneity
from the resting state of ﬂuctuating nanoscale sphingolipid–ste-
rol–protein assemblies to functional raft platforms in living cells
all the way to phase separation in isolated plasma membranes
(Fig. 2).
9. Lipid–protein interactions
Many membrane proteins are lipid modiﬁed by GPI-anchors,
myristoyl- or palmitoyl groups equipping them with membrane
binding speciﬁcity. Additionally, an increasing number of proteins
are reported to exhibit speciﬁc lipid binding and/or interaction
capacities, with possible structural and regulatory functions. Sev-
eral proteins interact with cholesterol by direct binding, with cave-
olin as the prime example [29]. The inﬂuenza virus ion channel and
maturation cofactor M2 is a palmitoylated and cholesterol-binding
protein with a possible function in raft dependent virus budding
[99]. An increasing number of X-ray structures show that speciﬁc
lipids are selected as integral components of the quaternary struc-
ture of many membrane protein complexes [100–105]. As an
example, the ß-adrenergic receptor forms a dimer whose dimeric
interface is formed 70% from lipids, consisting of two cholesterol
molecules and six palmitates [103,106]. In fact a strict cholesterol
consensus motif (CCM) for cholesterol interaction within the A
class of GPCRs was deﬁned, where 21% of human class A receptors
are predicted to bind cholesterol at the same site as b2AR [104]. In
addition to cholesterol-binding proteins, several proteins are re-
ported to either bind speciﬁcally, or to be regulated by, ganglio-
sides [107]. For example, the TNF receptor Fas has a regulatory
glycosphingolipid binding motif in the extracellular domain [108]
which shares some sequence similarity with the V3 loop of HIV-
1 gp120, which has been reported as a (glyco)sphingolipid-bindingdomain in Alzheimer, prion, and HIV-1 proteins [109], and a struc-
tural protein motif has been identiﬁed for binding to sphingolipids
[110]. Protein regulation by glycosphingolipids has been shown for
the human EGF receptor ectodomain, which has a capacity to bind
GM3 [111] with the consequence of kinase domain inhibition
[112]. A similar sensitivity has been described for the insulin
receptor, which becomes insulin resistant in the presence of GM3
[113,114] with relevance in diseases such as diabetes and Gaucher
disease [115]. Finally, it has been shown in proteoliposomal sys-
tems that amyloid precursor protein cleavage by the beta-secre-
tase BACE can be modulated by cholesterol, glycosphingolipids
and anionic phospholipids [90].
The number of proteins reported to be regulated by speciﬁc li-
pid interaction is increasing steadily, but the precise structural
mechanisms behind speciﬁc binding and receptor regulation in
membranes remain uncharacterized. Some questions are obvious:
e.g. a liquid-ordered bilayer is thicker than a liquid-disordered,
does thus the length of the transmembrane domain of the proteins
carry not only preferential sorting [116] but also regulatory func-
tion? How do lipid–protein interactions dynamically change pro-
tein function? Do transmembrane proteins become raftophilic by
being wetted or lubricated by binding raft lipids [86,107]? The per-
spective that lipids can modulate membrane protein function
promises to bridge the long-standing gap between membrane pro-
tein biochemistry and crystallography on one side and lipid re-
search on the other.
10. Outlook
Due to recent tremendous technical achievements, we now
start to understand and cope with the complexity of dynamic
membrane heterogeneity at the molecular level and its relevance
in cell biology. The technical development seems just to have
started. Recently van Zenten et al. presented a combined confo-
cal/NSOM approach, allowing nanoscopic co-localization studies
that showed integrin nanoclusters residing proximal to GPI an-
chored protein nanodomains, forming hotspots, which function
as nucleation sites for adhesion on the cell surface [117]. Another
example of a technical leap forward is the recent quantiﬁcation of
the lipid content of biological membranes in absolute amounts by
mass spectrometry [84,118,119]. This highly sophisticated meth-
od together with new improvements in protein tagging and orga-
nelle puriﬁcation protocols, allowed us to show that sphingolipids
Fig. 2. Schematic representation of the current view on raft properties and behaviour. Rafts are small and dynamic in uncrosslinked resting state, but can change their
composition upon intra- or extracellular stimuli and clustered to larger domains with consequences for cell signalling. So far GPI-anchored proteins (1), acyl chain containing
transmembrane proteins (2) and doubly acylated PTKs (3) are clearly reported to be raft associated. A fourth group of transmembrane proteins is reported to be raft associated
by raft lipid binding (4). Upon oligomerization of raft proteins by multivalent ligands (5) raft associated proteins/lipids can coalesce into larger domains. The role and
involvement of the membrane-underlying actin cytoskeleton (7) in raft coalescence is being investigated. It is not known how cytoplasmic leaﬂet lipids will coalescence to a
raft phase upon extracellular domain formation (6), but recruitment of doubly acylated proteins like the Src-family kinases to the cytoplasmic leaﬂet has been already
documented. Large-scale domain/phase formation can be induced by clustering of raft lipids and/or proteins in the absence of cellular constrains, such as in plasma
membrane spheres (8).
1690 Ü. Coskun, K. Simons / FEBS Letters 584 (2010) 1685–1693and sterols are sorted into secretory vesicles at the trans-Golgi
network carrying raft protein cargo [85]. For the ﬁrst time, lipi-
domes of carriers involved in raft cargo transport were quantiﬁed
and indeed demonstrated that sphingolipids and sterols are en-
riched in these carriers. Based on a genomic screen [120] as well
as classical yeast genetics combined with mass spectrometry[121] both ergosterol and sphingolipids could be functionally
implicated and synergistically interacting. Thus there is no doubt
in this case that lipids are directly involved in the sorting process
as postulated.
Despite all achievements of the last 20 years, we are still far
away from understanding membrane heterogeneity at the level
Ü. Coskun, K. Simons / FEBS Letters 584 (2010) 1685–1693 1691of lipids and proteins and its functional consequences. However,
the multidisciplinary efforts of scientists from different back-
grounds and the critical dialogue that characterizes the ﬁeld have
decisively promoted substantial progress in this fascinating re-
search area. The controversies about the raft concept have stimu-
lated the efforts required to meet the challenge of studying
collective behaviour of lipids and proteins in membranes. Rafts
were introduced as a metaphor for dynamic membrane platforms
that have different functions and are built up of sphingolipids, ster-
ols and proteins. Their size can vary as also logs in a river can form
platforms of different sizes and can jam up into giant rafts, like a
separated GM1 domain in PMS or an apical membrane in an epi-
thelial cell [122]. Principles of collective physiochemical behaviour
are properties not exclusive to membrane research. Recently,
phase separation was introduced to understand how RNA–protein
complexes form P-granules during the asymmetric division of Cae-
norhabditis elegans [123]. The perspective that we can start to
understand how assemblies of molecules perform functions to-
gether is fascinating and opens new vistas in cellular research.
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